Lymphocytes require the faithful execution of DNA repair processes to generate a highly diverse repertoire of antigen receptors. The variable region exon of each T-cell receptor (TCR) and B-cell antigen receptor (BCR) gene is assembled by site-specific cleavage and rejoining of variable (V), diversity (D), and joining (J) gene segments in developing T and B lymphocytes. Tandem genomic arrays of dozens to hundreds of V, D, or J gene segments allow combinatorial diversification of the available germline repertoire during lymphocyte development to create a large number of clonally distinct VDJ or VJ genes. In addition, terminal deoxynucleotidal transferase (TdT), a lymphocyte-specific polymerase, inserts non-germline-encoded nucleotides at V(D)J junctions, providing additional somatic diversification of the available germline repertoire (30, 44, 67) . Thus, V(D)J recombination endows T and B lymphocytes with the capacity to specifically recognize and destroy an almost infinite array of pathogens. However, DNA breaks are highly recombinogenic and must be repaired efficiently to maintain genomic stability and minimize the risk of oncogenic transformation (31, 33, 43, 49, 90, 104) . A high frequency of lymphoid tumors have chromosomal translocations involving antigen receptor genes (reviewed in reference 101), raising the question as to whether the V(D)J recombination process threatens genomic stability in lymphoid lineages.
The molecular mechanism of V(D)J cleavage has recently been elucidated by elegant biochemical studies (reviewed in references 93 and 106) . This process is mediated by the lymphoid-specific RAG-1 and RAG-2 proteins, which bind recombination signal sequences flanking V(D)J gene segments and nick one DNA strand precisely between the coding segment and the recombination signal. The nick is rapidly converted to a double-stranded DNA break (DSB), generating two types of intermediates: hairpin-terminated V, D, or J coding ends and blunt, 5Ј phosphorylated signal ends. The unusual hairpin structure of V(D)J coding ends is thought to reflect the evolutionary relationship of V(D)J recombination to DNA transposition (1, 56) . Hairpin coding ends are short-lived intermediates that are not detectable in normal cells (102, 105) , presumably because they are rapidly joined together. In contrast, signal ends are bound to RAG-1/2 proteins and persist (2, 55) . In T-cell precursors, most signal ends are ligated together to form extrachomosomal circles that are lost during subsequent rounds of cell division (68, 81) .
Repair of V(D)J breaks into signal joints and coding joints (CJ) occurs by nonhomologous end-joining (NHEJ), a major repair pathway in mammalian cells that can rejoin DSB originating from noncontiguous chromosomal segments (reviewed in reference 26). CJ formation is a specialized form of NHEJ requiring that the hairpin coding ends be opened prior to the end-joining reaction. The importance of NHEJ in lymphocytespecific V(D)J recombination was first revealed by studies of SCID mice. These mice have a mutation in the NHEJ protein DNA-dependent protein kinase (DNA-PK) (6, 13, 28) that confers a global defect in DSB repair, causing hypersensitivity to ionizing radiation (9, 39, 53) . The SCID mutation in DNA-PK also disrupts repair of RAG-1/2-induced DSB in lymphocyte precursors (105) . This V(D)J joining defect severely impairs the generation of TCR␤-containing pre-TCR and immunoglobulin chain (Ig)-containing pre-BCR, causing arrested lymphocyte development. These receptors transmit signals that select progenitor T (pro-T) and pro-B cells for clonal expansion and maturation (61, 119) . Similar defects in V(D)J joining and general DSB repair are caused by loss-of-function mutations in other NHEJ proteins, such as KU70, KU80, XRCC4, and DNA ligase IV (37, 47, 74, 91, 92, 121) .
Mutations in DNA-PK qualitatively and quantitatively affect V(D)J joining. The efficiency of CJ formation is reduced from 10-to 1,000-fold relative to that of wild-type cells (34, 77, 98, 116) , whereas signal joint formation occurs with relatively normal efficiency but reduced fidelity (14, 42, 70, 77, 114, 115) . The defect in CJ formation is manifested by the abnormal accumulation of hairpin coding end intermediates in lymphocyte precursors (42, 105, 121, 122) . However, in cells from SCID mice (11, 34, 62, 69, 98) or DNA-PK null mice (42, 70, 114, 120) , low levels of CJ formation can take place. Analyses of these rare CJ suggests that DNA-PK also influences the way in which coding ends are processed prior to joining. For example, SCID CJ typically display more extensive deletion of nucleotides from the 5Ј and 3Ј coding ends than their wild-type counterparts (35, 86, 108) . In addition, SCID CJ frequently have long, palindromic (P) nucleotide additions (35, 63, 107) which are generated by asymmetric cleavage of the hairpin coding ends. In contrast, P additions are infrequently found in wild-type CJ, and they are rarely longer than three nucleotides. Finally, TdT-mediated addition of N-regions to TCR coding junctions appears normal in SCID thymocytes (35, 62) . On the basis of these observations, it has been suggested that DNA-PK is required to recruit and/or activate factors that mediate hairpin cleavage (12, 122) , a process which must precede the formation of CJ.
In addition to defective V(D)J joining and SCID, lymphocyte progenitors from mice harboring genetic defects in NHEJ proteins are also particularly susceptible to oncogenic transformation. This lymphoma-prone phenotype was first revealed by studies showing that in some mouse colonies, up to 15% of SCID mice spontaneously develop thymic lymphoma with long latency (16, 27) . However, in our SCID colony, Ͻ5% of SCID mice developed lymphoma by 2 years of age. Strikingly, lowdose (100 to 175 cGy) irradiation of newborn SCID mice induces thymic lymphoma, but not other tumors, with very high frequency and short latency (29, 79, 88) . Mice harboring other mutations in DNA-PK or in KU70 were subsequently shown to spontaneously develop thymic lymphoma, but other tumor types have not been reported (48, 59, 73) .
The molecular basis by which defective NHEJ selectively promotes the development of lymphoid neoplasia remains unexplained. It has been suggested that the prevalence of chromosomal translocations involving antigen receptors in human lymphoid tumors results from the misjoining of RAG-1/2-induced breaks to chromosomal DSB in lymphocytes (reviewed in reference 101). While defects in NHEJ proteins may increase such misjoining events, the importance of RAG-1/2-induced breaks to lymphoid oncogenesis in NHEJ mutant mice has not been assessed. Moreover, it is not clear how potentially oncogenic misjoining of these breaks would occur in the context of the profound NHEJ defect conferred by mutations in DNA-PK or KU70/80.
We have used the irradiated SCID model of thymic lymphomagenesis to explore the mechanistic basis by which defects in NHEJ confer selective and profound susceptibility to lymphoid neoplasia. First, using extrachromosomal V(D)J recombination substrates and a transient-transfection approach, we show that V(D)J CJ formation is quantitatively and qualitatively improved by low-dose irradiation of SCID thymic lymphoma cell lines. Second, we use two different genetic strategies to show that V(D)J recombinase activity is required for radiation-induced lymphomagenesis in SCID mice, demonstrating that RAG-1/2-induced breaks are potentially oncogenic in the context of defective NHEJ.
MATERIALS AND METHODS
Cell lines and recombination assays. The VL3-3M2, LK6.2, and LK8 cell lines have been described previously (28, 46) . Cell lines (3 ϫ 10 6 cells) were transiently transfected with 150 ng of pDR42/ (deletional coding joints) (46) or pWTSJ⌬ (deletional signal joints) (72) using DEAE-dextran and osmotic shock as previously described (78) . Two days later, plasmid DNA was harvested, digested with DpnI, and electroporated into Escherichia coli as previously described (46) . Because the SCID thymic lymphoma cells displayed poor survival after the transfection procedure, they were stably infected with a Bcl-2-containing retrovirus (118) . The SJ1 primer (5Ј-CTG GTC CGG TAA CGT GCT GAG-3Ј) was used to sequence the coding junctions of recombinant pDR42 clones by using an ABI 373 or ABI 377 automated sequencer. The origins and order (5Ј to 3Ј) of recombination signal sequences on pDR42 are as follows: JRSS(23), JRSS (12) , VRSS (12) , and VRSS (23) . All pDR42 recombinants shown had undergone recombination between JRSS(23) and VRSS (12) .
Mice. All mice were bred and housed in specific-pathogen-free conditions at the Hospital for Sick Children animal facility. RAG-2 Ϫ/Ϫ C57BL/6 mice were obtained from GenPharm (Mountain View, Calif.) and were crossed with C. scid/scid progeny, peripheral blood was analyzed by flow cytometry for the absence of mature T or B cells with anti-TCR␤ (FITC-H57-597) and anti-IgM (biotinylated R6-60.2) antibody. Alternatively, PCR amplification of tail DNA was used to identify the wild-type and scid alleles of DNA-PK as previously described (13) . RAG-2 genotypes were determined by PCR amplification of tail DNA by using the following primers: RAG2-3 (anti-sense), GCCTGCTTATTGTCTCCTGGTATG; NEO-3Ј (antisense), CCAACGCTATGTCCTGATAGCGGT; and RAG2-1 (sense), TTAAT TCAACCAGGCTTCTCACTT. PCR amplification with the RAG2-1 and RAG2-3 primers detects the wild-type allele (973-bp amplicon), whereas amplification with the RAG2-3 and NEO-3Ј primers detects the mutant allele (1,107- 137 Cs source, dose rate ϭ 1.25 Gy/min) within 1 to 3 days of birth as previously described (29) , and RAG-2 Ϫ/Ϫ mice were irradiated as newborns (400 cGy) or as adults (750 cGy), as previously described (50) .
Flow cytometry. Phenotypic analyses of thymocytes for surface expression of lineage and developmental markers were performed as previously described (29) using a FACScan flow cytometer with Lysis II software or a FACSCalibur flow cytometer with CellQuest software (Becton Dickinson & Co., Mountain View, Calif.). The following monoclonal antibodies were affinity purified from hybridoma culture supernatants by using protein A-or protein G-Sepharose (Pharmacia, Baie d'Urfe, Quebec, Canada): CD4 (YTS 191.1), CD8 (YTS 169.4), and TCR␤ (H57-597). Purified antibodies were conjugated to fluorescein isothiocyanate (FITC) or biotin using standard techniques. FITC-CD25 (7D4) and biotinylated mouse anti-IgM (R6-60.2) were purchased from Pharmingen (San Diego, Calif.). Streptavidin-phycoerythrin (Av-PE) was purchased from Caltag (South San Francisco, Calif.) and used as a second-stage reagent with biotinylated primary antibodies. Propidium iodide staining and flow cytometric evaluation of cell cycle analysis was performed as previously described (49) .
RT-PCR. Reverse transcriptase (RT)-coupled PCR amplifications were performed as previously described (29) . Briefly, total RNA was isolated from the thymuses of individual animals, and 2 g of RNA was reverse transcribed into cDNA at 42°C in a reaction mixture containing 50 mM Tris (pH 8.3), 75 mM KCl, 3 mM MgCl 2 , 10 mM dithiothreitol, 0.1 mg of bovine serum albumin/ml, 0.5 mM concentrations of each deoxynucleotide triphosphate (dATP, dCTP, dGTP, dTTP; Promega, Madison, Wis.), 2.5 g of oligo(dT) primer/ml, 25 U of ribonuclease inhibitor (Promega), and 2.5 U of RT (AMV-RT; Promega). cDNA was amplified (31 cycles, 55°C annealing) with a panel of eight TCR V␤-specific primers (V␤1, V␤3, V␤5, V␤7, V␤9, V␤11, V␤14, and V␤17) coupled with a TCR C␤1/2 antisense primer in separate reactions (36) . PCR products were resolved by agarose gel electrophoresis, Southern blotted, and hybridized to a radiolabeled [␣-
32 P]dCTP-labeled TCR-C␤ probe. Autoradiography was performed using a PhosphorImager with ImageQuant software (Molecular Dynamics, Sunnyvale, Calif.).
Detection of TCR␦ coding ends. High-molecular-weight DNA was prepared from homogenized kidney or single-cell thymocyte suspensions and was digested with restriction endonucleases, electrophoresed through 0.8% agarose, and transferred to a Gene Screen Plus nylon membrane (NEN DuPont, Boston, Mass.). Hybridization was carried out using random hexamer-primed [␣-
32 P] dCTP-labeled J␦1 probe no. 4 (82) . Autoradiography was performed using a PhosphorImager with ImageQuant 3.0 software (Molecular Dynamics).
RESULTS

Irradiation improves V(D)J CJ formation in SCID cells.
Previously, we have shown that low-dose irradiation of SCID mice partially relieves the developmental arrest of CD4-CD8 double-negative (DN) pro-T cells and promotes their expansion and maturation to the CD4-CD8 double-positive (DP) pre-T-cell stage (29) . Low-dose irradiation also promotes the appearance of thymocytes with functional rearrangements at the TCR␤, TCR␥, and TCR␦ loci (15, 29, 82) . Analyses of these CJ sequences showed that they resembled those from normal thymocytes in several respects, suggesting that NHEJ activity is qualitatively or quantitatively enhanced during the cellular response to DNA damage. However, normal CJ can be made at very low frequencies in SCID cells (19, 21, 34, 54, 69, 98) . Furthermore, there is strong selection in vivo for precursors that have made functional TCR␤, TCR␥, and TCR␦ rearrangements (60, 83, 85, 95) . Thus, it is equally plausible that irradiation selects for rare SCID pro-T cells that have managed to repair their V(D)J breaks using the inefficient NHEJ machinery.
To distinguish between these two possibilities, we examined the effect of irradiation on CJ formation in wild-type versus SCID cell lines that were transiently transfected with an extrachromosomal recombination substrate plasmid, pDR42. In RAG-1/2-expressing cells, this plasmid undergoes deletional CJ formation (103) . This cell culture strategy, which has been widely used to examine the efficiency and fidelity of CJ formation in SCID versus wild-type cells (reviewed in reference 71), allowed us to directly measure the effect of irradiation on CJ formation in the absence of TCR-mediated cellular selection events that occur in vivo. For these experiments we have used thymic lymphoma cell lines derived from wild-type or SCID mice because they have a pre-T-cell phenotype, exemplified by expression of CD4 and CD8, as well as RAG-1, RAG-2, and TdT (data not shown and reference 46). These cell lines express wild-type (VL3-3M2) or SCID mutant (LK6.2, LK3C, and LK8) DNA-PK (28) .
To determine if irradiation increases the efficiency of CJ formation, cells were treated with 0 or 100 cGy of ionizing irradiation at different times before or after transfection with pDR42. Three to six independent experiments were performed with each cell line, and data from three representative experiments are shown in Table 1 . As expected, CJ formation in the untreated SCID thymic lymphoma cell lines is Ͻ10% of that seen in VL3-3M2 in a given experiment. Since RAG-1/2 protein levels are similar among these cell lines (data not shown), the defect in CJ formation in LK6.2, LK3C, and LK8 is attributable to the SCID mutation in DNA-PK. Although irradiation had no reproducible effects on the efficiency of CJ formation in VL3-3M2, it improved the efficiency of CJ formation in the SCID cell lines by up to 17-fold, but more typically by three-to fourfold (Table 1) . To determine if irradiation could also improve the repair of non-hairpin blunt DSB, we transfected cells with pWTSJ⌬, a plasmid that undergoes deletional signal joint formation. As documented for other SCID cell lines (14, 77, 99, 116) , LK6.2 and LK3C exhibit a normal frequency of signal joint formation but reduced fidelity, since Ͻ50% of the signal joints are precise ( Table 2 ). The low precision of signal joint formation in SCID cells reflects deletion or N additions at the signal ends prior to joining (77) . In contrast to CJ formation, irradiation did not increase the frequency or the fidelity of signal joint formation in LK6.2 or LK3C cells (Table 2) , suggesting that irradiation specifically improves repair of DSB with hairpin ends.
Having observed that irradiation improved the efficiency of CJ formation in SCID cells, we sequenced the coding junctions of multiple recombinant pDR42 clones to determine if this improvement was also evident at the level of coding end processing. Coding junction sequences from independent recom- a The efficiency of CJ formation was measured as percent recombination (%R) for each cell line as described in Materials and Methods. Briefly, 40 to 48 h after transient transfection with pDR42, plasmid DNA harvested from each cell line was electroporated into E. coli. The percent recombination (%R) was calculated as the ratio (ϫ100) between the number of colonies resistant to ampicillin (Amp r ) and those resistant to ampicillin plus chloramphenicol (Cam r ). Cell lines were treated with 100 cGy of ␥-irradiation at the indicated times before (B) or after (A) transfection with pDR42. The number of cells recovered after 48 h did not vary more than twofold within each group. The effect of irradiation on the efficiency of CJ formation was calculated as the ratio of recombination frequencies of irradiated cultures to those of control cultures (IR/C). Ϫ, no irradiation.
binants are shown in Fig. 1 and 2 , and the distribution of nucleotide deletions and P nucleotide additions is summarized in Tables 3 and 4 . The coding junctions of recombinants derived from wild-type and SCID cells that were not irradiated showed the expected characteristics. For example, no coding ends from wild-type recombinants had deletions of Ն10 nucleotides, whereas 20 to 23% of those from LK6.2 and LK8 recombinants had large deletions (Table 3 and data not shown). The average length of coding end deletions was also considerably greater in the SCID cell lines (Table 3 ). The intact coding ends from the SCID recombinants also displayed substantially more P additions than those from VL3-3M2 recombinants (Table 4) . Most notable was the high frequency (29 to 47%) of long (Ͼ3) P additions in LK6.2 and LK8 recombinants (Table  4 and data not shown). Finally, the length of P additions was significantly greater in the SCID recombinants. TdT-mediated addition of N nucleotides was similar in all cell lines ( Fig. 1 and  2 ). These data confirm that V(D)J joining in LK6.2 and LK8 cells displays anomalies typical of SCID cells, consistent with the DNA-PK mutation in these cell lines (28) .
Irradiation did not significantly affect nucleotide deletion or P nucleotide addition at coding ends in VL3-3M2 cells (Tables  3 and 4) . In marked contrast, irradiation had striking effects on the processing of coding ends in LK6.2 cells. Most notably, irradiation increased the frequency of intact coding ends lacking P additions from 18 to 43%, and it decreased the frequency of coding ends with long P nucleotides from 47 to 14% (Table  4 ). The average length of P additions in LK6.2 was also significantly decreased after irradiation. In contrast to the striking effect of irradiation on P additions, it did not ameliorate the extensive deletion from coding ends in SCID cells (Table 3) . Collectively, these data suggest that low-dose irradiation selectively improves repair of CJ in SCID cells by facilitating the opening of hairpin coding ends.
RAG-2 deficiency protects SCID mice from radiation-induced thymic lymphoma. The above data demonstrate that irradiation partially restores V(D)J joining in SCID T-cell precursors, likely explaining why irradiation of neonatal SCID mice promotes some degree of normal T-cell development (29) . However, most irradiated newborn SCID mice subsequently succumb to thymic lymphoma, suggesting that irradiation also promotes the development of neoplastic T-cell precursors. Given that the SCID mutation in DNA-PK impairs NHEJ, the role of irradiation in inducing lymphomagenesis in SCID mice could be to generate large numbers of DSB, some of which are mis-repaired to generate oncogenic chromosomal aberrations in T-cell precursors. However, we sought to determine whether there could be a mechanistic connection between radiation-induced CJ formation and tumorigenesis in a Experiments to measure the efficiency and fidelity of signal joint formation were performed as described in Table 1 , except that cell lines were transfected with the deletional signal joint substrate pWTSJ⌬ 30 min before irradiation. To assess the fidelity of signal joint formation, recombinant plasmids were purified from chloramphenicol-resistant colonies and digested with ApaLI. Shown are the percentages of colonies that could be digested with ApaLI (%R), indicating that they had precise signal joints. The number (n) of colonies tested in each group is shown. IR/C, ratio of recombination frequencies of irradiated cultures to those of control cultures.
FIG. 1. Effect of irradiation on coding end processing in wild-type thymic lymphoma cells. VL3-3M2 cells were transfected with pDR42, at various times before (B) or after (C) treatment with 0 (A) or 100 cGy of ␥-irradiation, as indicated. After 48 h of culture, plasmid DNA was recovered and used to transform E. coli. pDR42 recombinant plasmids were purified from chloramphenicol-resistant colonies, and the coding junctions were sequenced. Shown are the 5Ј P (single underline), N, and 3Ј P (double underline) additions (P/N/P) at the CJ for each recombinant pDR42 clone. The number of nucleotides deleted from the 5Ј (⌬5Ј) and 3Ј (⌬3Ј) coding flanks are also indicated. P nucleotides were identified based on palindromy with the 3Ј end of the 5Ј coding flank (5Ј-ACAGGAAACAGGATC-3Ј) or the 5Ј end of the 3Ј coding flank (5Ј-GATGA TATCGTCGAC-3Ј) sequences. For junctions where nucleotides could be assigned either to the coding flank or as P additions, the assignment was made to minimize the degree of P additions. The data represent independent clones derived from two independent transfections. The frequencies of independent recombinants sequenced were 93% (A), 100% (B), and 100% (C).
T-cell precursors. To test the hypothesis that irradiation could induce oncogenic misjoining of RAG-1/2-mediated breaks that contribute to radiation-induced lymphomagenesis in SCID mice, we bred RAG-2-deficient SCID mice. Both the SCID and RAG-2 mutations block T-lymphocyte development at the DN pro-T-cell stage, due to failure to generate TCR␤-containing pre-TCR complexes (87, 109) . RAG-2 SCID double-mutant mice maintain the global SCID NHEJ defect but fail to create DSB adjacent to recombination signal sequences in lymphocyte progenitors. Thus, this strategy allowed us to determine whether RAG-induced breaks are essential for radiation-induced lymphomagenesis in SCID mice.
Mice were irradiated within 48 h of birth (100 cGy) and evaluated for the development of lymphoid tumors. Consistent a The number and percent of coding ends with the indicated numbers of nucleotides deleted are shown for each group. Shown is a summary of data from Fig. 1 and 2 . Since the time of irradiation (relative to transfection) did not alter the distribution of coding end deletions, all the data for irradiated cells from a The number and percent of intact coding ends that have the indicated numbers of P nucleotides added are shown for each group. Shown is a summary of data from Fig. 1 and 2 . Since the time of irradiation (relative to transfection) did not alter the distribution of P nucleotides, all the data for irradiated cells from Fig. 1 and 2 have been pooled. The calculations are restricted to intact coding ends because P additions are not observed when there is deletion from the coding end. The difference between the lengths of P additions in untreated VL3-3M2 and LK6.2 cells is statistically significant (Mann-Whitney U test, U ϭ 7.0; two-tailed P value, 0.003). The difference between the lengths of P additions in untreated and irradiated LK6.2 cells is also statistically significant (MannWhitney U test, U ϭ 60.5; two-tailed P value, 0.018).
with our previous studies (29) , 73% of irradiated SCID mice (RAG-2 ϩ/ϩ or RAG-2 ϩ/Ϫ ) developed thymic lymphoma between 13 and 18 weeks, as evidenced by invasive thymic masses that compromised respiration (Fig. 3) . In some cases, dissemination of tumor to peripheral lymphoid organs was evident (data not shown). Ten tumors were assessed by flow cytometry: all had a DP pre-T-cell phenotype, and 4 out of 10 were TCR␤ and CD3 positive. That the tumor cells had a more mature phenotype than thymocytes from untreated SCID mice is consistent with our previous studies showing that low-dose irradiation promotes the development of TCR␤ ϩ DP thymocytes from DN progenitors in SCID mice (29) . Strikingly, all irradiated RAG-2 Ϫ/Ϫ SCID and irradiated RAG-2 Ϫ/Ϫ mice were healthy and showed no evidence of thymic lymphoma at the time of sacrifice at 16 to 20 weeks postirradiation (Fig. 3 ). These data demonstrate a mechanistic dependence on RAG function for the radiation-induced development of thymic lymphoma in SCID mice.
TCR␤-transgenic SCID mice are protected from radiationinduced thymic lymphoma. V(D)J recombination occurs at multiple different stages of T-cell development, but targeted disruption of the RAG-1 or RAG-2 genes universally ablates V(D)J recombinase activity. We sought to determine if SCID mice could be protected from radiation-induced thymic lymphoma by ablating V(D)J recombinase activity only at a particular developmental stage. The TCR␤, -␦, and -␥ loci are all accessible to the V(D)J recombinase machinery in immature DN thymocytes, but recent data suggest that these loci rearrange at different developmental stages. In normal thymocytes, V␥-to-J␥ rearrangements, V␦-to-DJ␦ rearrangements, and D␤-to-J␤ rearrangements are all evident at the CD44 ϩ
CD25
ϩ DN stage, whereas V␤ to DJ␤ rearrangements predominantly occur at the later CD44 Ϫ
ϩ DN stage (18, 45) . In contrast to successful rearrangements of TCR␦ or TCR␥, in-frame V␤-DJ␤ rearrangements promote a large burst of proliferation (57, 95) . Expression of a functionally rearranged TCR␤ transgene allows the formation of a pre-TCR complex which specifically prevents the V-DJ step of endogenous TCR␤ rearrangement (4, 117) . Therefore, we bred TCR␤-transgenic SCID (TCR␤-SCID) mice to determine whether inhibiting V(D)J recombinase activity specifically at the highly proliferative CD44 Ϫ
ϩ DN stage was sufficient to protect against radiation-induced thymic lymphoma in SCID mice.
Transcripts of endogenous VDJ␤ rearrangements involving 8 V␤ and all 12 possible J␤ gene segments were not detectable in TCR␤-SCID thymocytes (untreated or irradiated) by RT-PCR (Fig. 4) . These data agree with previous studies showing that transgenic expression of TCR␤ prevents V␤ to DJ␤ rearrangements in thymocytes (3, 4) . This effect was specific for the TCR␤ locus, since Southern blot analysis showed that TCR␤ coding end breaks were present in TCR␤-SCID thymocytes (Fig. 5) . Partial (D-J␦ or D-DJ␦) rearrangements, which have been well-described for SCID thymocytes (20, 105) , were also abundant in TCR␤-SCID thymocytes (Fig. 5 ). As expected from previous studies (66, 111) , we observed that the TCR␦ transgene bypasses the SCID defect in pre-TCR generation and promotes the development of DP thymocytes (Fig. 6) . However, the number of CD25 ϩ DN thymocytes, presumably the initial targets of the radiation-induced neoplastic process, was similar in newborn SCID and TCR␤-SCID mice (Fig. 6) . In wild-type mice, the DN-DP transition is accompanied by the onset of recombination at the TCR␣ locus, and we previously showed that TCR␣ coding end breaks are readily detectable in TCR␤-SCID thymocytes (82) . Finally, TCR␤-SCID mice had similar frequencies of proliferating thymocytes as their transgene-negative littermates, and this frequency was not affected by irradiation (Table 5) . Collectively, these observations confirm that the TCR␤ transgene selectively prevents V␤ to DJ␤ rearrangements in CD44 Ϫ
ϩ DN thymocytes, but does not decrease proliferation or prevent the generation of TCR␦ or of TCR␣ coding end breaks in SCID thymocytes at earlier or later stages of T-cell development, respectively.
To measure the impact of the TCR␤ transgene on radiationinduced lymphomagenesis in SCID mice, newborn litters from SCID ϫ TCR␤-SCID matings were left untreated or were irradiated and examined 16 to 24 weeks later (Table 6 ). DP thymocytes are extremely radiosensitive in wild-type as well as in SCID mice (25, 84) , and few remained 24 h after irradiation of TCR␤-SCID mice (Fig. 6) . Consistent with our previous findings (29) , four out of six (60%) of irradiated nontransgenic SCID littermates were moribund 16 to 24 weeks after irradiation and, upon necropsy, were found to have large thymic masses composed primarily of DP lymphoblasts (Table 6 ). In marked contrast, all irradiated TCR␤-SCID mice appeared healthy at 16 to 24 weeks. Given our relatively small sample size, it is possible that we could have missed low-frequency long-latency tumors in irradiated TCR␤-SCID mice. However, we believe this is unlikely because the cellularity of their thymuses was no different than that of age-matched control (untreated) TCR␤-SCID mice (Table 6 ). Thus, we could find no evidence of thymic hyperplasia that might be indicative of a preneoplastic thymus (Table 6 ). In addition, given that 70 to 90% of nontransgenic SCID mice develop thymic lymphoma by 24 weeks of age (Table 6 and reference 29), the complete absence of thymic hyperplasia and morbidity in irradiated TCR␤-SCID mice at this time point is striking. These data suggest that preventing V␤ to DJ␤ rearrangement in SCID pro-T cells confers complete protection from radiation-induced lymphomagenesis in SCID mice.
DISCUSSION
In this paper we demonstrate that low-dose irradiation quantitatively and qualitatively improves CJ formation in SCID cells, in the absence of TCR-mediated cellular selection. We also show that V(D)J recombinase activity is required for radiationinduced thymic lymphomagenesis in SCID mice. Together, FIG. 4 . Endogenous TCR␤ expression in TCR␤-SCID mice. Thymus RNA from individual 2-week-old untreated or irradiated TCR␤-SCID mice was reverse transcribed into cDNA. RT-PCR was performed using eight different V␤-specific sense primers coupled with a TCR-C␤ anti-sense primer. The products were Southern blotted and hybridized with a TCR-C␤ probe. Note that, as expected, V␤8 transcripts were detectable in all thymus samples from SCID mice expressing the V␤8.2 transgene. Thymocyte RNA obtained from 4-to 6-week-old nontransgenic SCID and BALB/c mice were included as negative and positive controls, respectively, for the presence of TCR␤ transcripts. these findings suggest that the radiation-induced NHEJ activity also results in the oncogenic misjoining of RAG-1/2-induced breaks in T-cell precursors. Below, we discuss the implications of these observations on mechanisms of V(D)J joining as well as mechanisms by which defective NHEJ promotes lymphoid neoplasia.
Irradiation transiently improves V(D)J joining in SCID lymphocyte progenitors. The SCID defect in CJ formation results in the accumulation of hairpin coding ends in lymphocyte precursors (105, 122) . Thus, it has been suggested that DNA-PK is required to recruit and/or activate factors that mediate hairpin cleavage (12, 122) , a process which must precede the formation of CJ. Although CJ can be formed inefficiently in SCID cells, they frequently have long P nucleotide additions (35, 63, 107) , possibly reflecting a role for DNA-PK in directing the site of hairpin cleavage to within a few nucleotides of the tip. Data presented in Table 1 show that irradiation improves the efficiency of CJ formation in SCID cells. More strikingly, few of these junctions displayed long P nucleotide additions, which are hallmarks of inefficient CJ formation (Table 4) . Binnie et al. have recently reported that irradiation of different SCID thymic lymphoma cell lines had no effect on the efficiency of CJ formation (10). In addition, Binnie et al. showed that irradiation decreased the frequency of coding ends with P additions slightly (by 18%), but it had no effect on the length of P additions. These authors included caffeine (which has undefined effects on recombination) in some of their assays. Moreover, the cell lines they used did not display the excessive coding end deletion characteristic of SCID cells. Thus, differences in assay conditions or cell line characteristics may explain why we observed a more pronounced effect of irradiation on CJ formation in SCID cell lines.
Our observations suggest that irradiation has induced an activity that facilitates cleavage of hairpin coding ends, increasing the efficiency of CJ formation in SCID cells and decreasing FIG. 6 . Impact of TCR␤ transgene on T-cell development in SCID mice. Thymocytes from two 4-day-old TCR␤-SCID mice and a nontransgenic littermate were evaluated for CD4 and CD8 expression by flow cytometry. One TCR␤-SCID mouse treated with 100 cGy of ␥-irradiation 24 h prior to this analysis is also shown for comparison. The cellularity of each thymus is indicated. The absolute number of CD25 ϩ DN cells in each sample did not vary by more than twofold. a Effect of the TCR␤ transgene (Tg) on the proliferative status of SCID thymocytes. Three litters from a TCR␤-SCID ϫ SCID mating were irradiated with 100 cGy within 48 h after birth or were left untreated. Mice were sacrificed at 2 to 10 weeks of age, and the percentage of cells in the S, G 2 , and M phases of the cell cycle was quantitated by flow cytometric analysis of propidium iodidestained thymocytes.
the frequency of coding ends with long P additions from 47 to 14% (Table 4) . Proteins shown to have hairpin endonuclease activity include RAG-1/2 (8, 110) and MRE11 (96, 97) . However, the protein(s) responsible for hairpin opening in vivo has not been identified, so it is difficult to speculate on how irradiation might affect its expression and/or functions in cells harboring the SCID mutation in DNA-PK.
The rare coding junctions that form in SCID cells typically display excessive deletion (35, 86, 108) , suggesting that the processing of opened hairpin ends is also regulated by DNA-PK. However, in contrast to hairpin cleavage, irradiation did not ameliorate the extensive deletion from coding ends in SCID cells (Table 3) . Similarly, irradiation did not improve signal joint formation in SCID cells, and most signal joints remained imprecise (Table 2 ). Although we (29, 82) and others (120) did not report extensive deletions at TCR coding junctions in thymocytes from irradiated DNA-PK mutant mice, this likely reflected strong selection in vivo for precursors that could form pre-TCR. Thus, the absence of cellular pre-TCRmediated cellular selection in the experiments we report here revealed a differential effect of irradiation on hairpin opening versus exonucleolytic processing of coding ends, suggesting that the two events are mediated by separate biochemical entities.
How does irradiation improve CJ formation in SCID cells? The hypothesis that irradiation increases the activity of mutant DNA-PK present in SCID cells seems unlikely for several reasons. First, SCID mutant DNA-PK is truncated (6, 13, 28) , and protein levels are reduced 10-to 50-fold relative to those of wild-type cells (28) . Second, irradiation promotes caspasemediated cleavage and inactivation of DNA-PK kinase activity (22, 23, 52, 112, 113) . Finally, cells from mice with null mutations in DNA-PK show virtually identical defects in NHEJ and V(D)J recombination to those seen in SCID cells, suggesting that the SCID mutation in DNA-PK is effectively null (42, 70, 114, 120) . These studies suggest that a DNA-PK-independent NHEJ pathway can inefficiently effect CJ formation (120), and we favor the notion that irradiation improves the efficiency and fidelity of this pathway in SCID cells. Such a pathway may be analogous to DNA damage inducible DNA repair activities in bacteria (38) and yeast (32) .
The role of V(D)J recombinase activity in radiation-induced lymphomagenesis in SCID mice. We have shown that V(D)J recombinase activity plays an essential role in radiation-induced lymphomagenesis in SCID mice. The role of V(D)J recombinase activity could simply be to promote precursor proliferation through the production of pre-TCR. Given the NHEJ defect conferred by the SCID mutation, the probability of a cell sustaining oncogenic mutations could be greatly enhanced by the repeated cell division that is induced by pre-TCR signals. However, introduction of a TCR␤ transgene promotes the development and proliferation of DP thymocytes in SCID mice (Fig. 6 and reference 66 ) but does not promote the development of thymic lymphoma (Table 5 ). These findings demonstrate that a proliferative stimulus, per se, is not sufficient to induce neoplastic transformation of SCID thymocytes.
A more likely mechanism to explain the essential function of V(D)J recombinase activity for thymic lymphomagenesis in irradiated SCID mice is that oncogenic mutations are generated by the radiation-induced misjoining of RAG-1/2-mediated breaks to random DSB. This notion is consistent with our demonstration that irradiation specifically improves the joining of RAG-1/2-mediated hairpin coding ends. V(D)J misjoining events are thought to give rise to the chromosomal translocations between antigen receptor genes and proto-oncogenes that are found in many lymphocytic leukemias and lymphomas (101) . We used fluorescent in situ hybridization probes specific for chromosome 6 (TCR␤) or chromosome 14 (TCR␣/␦) to look for translocations in four thymic lymphomas from irradiated SCID mice, but none were found (D. Vesprini, C. J. Guidos, and J. S. Danska, unpublished data). However, this technique is not sufficiently sensitive to detect deletions, insertions, or small translocations.
V(D)J recombinase-dependent genetic alterations could also give rise to oncogenic mutations that do not involve antigen receptor genes. The recent demonstration that RAG-1/2 functions as a transposase provides one possible mechanism by which RAG-induced DSB could be generated outside antigen receptor loci (1, 56) . Indeed, RAG-1/2-mediated cleavage of "cryptic" or nonconsensus recombination signal sequences has been shown to occur at non-Ig or non-TCR loci (72) . Cryptic site recombination appears to underlie several different oncogenic deletions, not detected by standard karyotype analyses, found in patients with T-cell acute lymphoblastic leukemia (5, 17, 24) . Moreover, recurring site-specific deletions between closely linked cryptic recombination signal sequences in the hypoxanthine-guanine phosphoribosyltransferase gene are frequently found in the peripheral T cells of healthy individuals (40, 41) . It has been estimated that there are millions of potential cryptic sites in the human genome, and several of these were shown to function as joining signals in recombination substrate plasmids (72) . Indeed, a recent study has shown that two DSB on different chromosomes are sufficient to promote frequent translocations (104) . Thus, cryptic site recombination may be an important type of RAG-1/2-induced genetic alteration contributing to transformation of T-cell precursors in irradiated SCID mice.
We have previously shown that irradiation increases a different kind of misjoining event in SCID thymocytes, known as trans-rearrangement, by 50-to 100-fold (80) . In trans-rearrangement, V(D)J coding ends originating from antigen receptor loci on different chromosomes are joined together. The ratio of cis-to-trans rearrangements is 500 to 1,000:1 in normal cells (7, 80) . Similarly, trans-joining of coding ends is severely impaired relative to cis-joining in normal cells simultaneously a Effect of a TCR␤ transgene on radiation-induced thymic lymphomagenesis in SCID mice. TCR␤-SCID mice and their nontransgenic SCID littermates were irradiated with 100 cGy within 48 h after birth or were left untreated and evaluated at 16 to 24 weeks of age for the presence of thymic lymphoma. All irradiated TCR␤-SCID mice appeared to be healthy and showed no evidence of lymphoma at the time of sacrifice. In contrast, their irradiated nontransgenic littermates developed thymic lymphoma, as evidenced by invasive thymic masses that compromised respiration. transfected with two different recombination substrate plasmids, and this bias is enforced at the joining, rather than the cleavage, step of V(D)J recombination (51) . However, in thymocytes from irradiated SCID mice, the ratio of cis-to-trans rearrangements is approximately 5:1 (80) , suggesting that the absence of functional DNA-PK greatly promotes interlocus misjoining events. Thus, an important function of DNA-PK may be to minimize trans-joining and other misjoining events by tethering coding ends within the post-cleavage complex, which contains the cleaved coding and signal ends, RAG-1/2 proteins, and DNA-PK (2, 55, 64) . Although trans-joining events are not pathogenic per se, they serve as a good marker for genomic instability and the risk of oncogenic misjoining events in lymphocytes (reviewed in reference 65) .
Surprisingly, we found that a TCR␤ transgene was as effective as the RAG-2 null mutation in protecting SCID mice from radiation-induced thymic lymphomas. In contrast to the RAG-2 mutation, which ablates all V(D)J recombinase activity, the TCR␤ transgene specifically inhibits recombinase activity only for the V␤ to DJ␤ rearrangement step in CD44 Ϫ CD25 ϩ DN thymocytes. It is possible that this particular rearrangement event is more prone to generate oncogenic translocations than other TCR rearrangements. However, we favor the view that it is the developmental stage specificity of this rearrangement event that is crucial, rather than the nature of the rearrangement. In contrast to most rearrangements of TCR␥, TCR␦, and TCR␣, V␤-to-DJ␤ rearrangement takes place in CD44 Ϫ CD25 ϩ DN thymocytes that have a high proliferative potential (18, 45) . Thus, we suggest that misjoining of RAG-1/2-induced breaks has greater oncogenic potential at this highly proliferative stage of T-cell development.
Differential impact of NHEJ and DNA damage checkpoint defects on mechanisms of lymphomagenesis. The NHEJ defect imparted by KU70 deficiency promotes the spontaneous development of thymic lymphomas (48, 73) . In contrast to the SCID mutation in DNA-PK, KU70 disruption permits limited T-cell development to occur, and this is accompanied by the generation of some normal TCR␤ rearrangements (48, 94) . In contrast, no complete IgH rearrangements occurred, and Bcell development was completely ablated in KU70 Ϫ/Ϫ mice. Thus, the development of thymic lymphoma is correlated with a limited degree of normal TCR gene rearrangement and Tcell development in both irradiated SCID mice and in KU70-deficient mice. These parallels lead us to suggest that defective NHEJ activity, though capable of mediating V(D)J joining with low efficiency, confers a high risk of sustaining oncogenic V(D)J misjoining events in T-cell precursors. In agreement with this notion, Alt and colleagues have recently shown that the absence of the NHEJ protein ligase 4 causes frequent nonreciprocal translocations in fibroblasts (33) .
Mutations in p53 and ATM, which disrupt DNA damage checkpoints, also confer a high risk of developing thymic lymphomas in mice. It was suggested that disruption of the checkpoint could promote survival or proliferation of thymocytes carrying oncogenic chromosomal translocations involving antigen receptor genes. Surprisingly, however, RAG-1/2 deficiency had little impact on lymphomagenesis in p53-deficient mice (76, 89) , but protected (75) or significantly reduced the frequency and latency (100) of thymic lymphomagenesis in ATM-deficient mice. Interestingly, the tumors that developed with short latency in the RAG-2 ϩ ATM-deficient mice had cytogenetic abnormalities within the TCR␣/␦ locus, suggesting a role for aberrant V(D)J recombination in these malignancies (100) . Although ATM is primarily thought of as a checkpoint protein, several lines of evidence suggest that ATM-deficient cells also have DSB repair defects, though more subtle than the SCID NHEJ defect (reviewed in reference 58). Based on the differing extents to which V(D)J recombinase activity contributes to thymic lymphoma risk in ATM, p53, and SCID mutant mice, we suggest that there are at least two lymphomagenesis pathways in thymocytes: a pathway promoted by defective DSB repair (in SCID and ATM mice) that is dependent on V(D)J recombinase activity and a second pathway promoted by defective DNA damage checkpoints (in p53 and ATM mutant mice) that is independent of V(D)J recombinase activity.
